Response surface methodology was applied to determine the optimal medium composition for sulphuric acid production by an indigenous Thiobacillus thiooxidans. With a view to reducing the number of experiments and obtaining the mutual interactions between the variables, a 2 4 full-factorial central composite design was employed for experimental design and analysis of the results. Four independent variables, KH 2 PO 4 , (NH 4 ) 2 SO 4 , MgSO 4 and elemental sulphur, in the growth medium were tested. Elemental sulphur was found to exhibit positive correlation with the sulphuric acid yield, whereas the other three variables showed no significant effect. No mutual interactions were found between elemental sulphur and each of the other three variables. The optimal composition of the growth medium to achieve the optimal production of sulphuric acid was determined as follows (g/l): KH 2 PO 4 = 3.5, (NH 4 ) 2 SO 4 = 4.9, MgSO 4 = 0.7 and elemental sulphur = 23.7. The corresponding sulphuric acid production and dry cell weight were 38 662 ppm and 0.7 g/l, which are about 2.6-and 1.75-fold increase, respectively, compared with those using the conventional T. thiooxidans optimum growth medium.
Introduction
The use of microorganisms for the decomposition of heavy metals has attracted increasing attention due to their low cost and high efficiency compared to conventional methods. Amongst various microorganisms, the iron-and sulphur-oxidizing bacteria, Thiobacillus ferrooxidans and T. thiooxidans, respectively, are considered to be the best candidates for bioremediation since they are able to leach more than 50% of the metals from the contaminated matrices [1] . Although the physical/chemical technology has been extensively applied in practice, it has limitations in terms of low efficiency, high cost, and the possibility of producing the secondary contaminations and further hazardous emissions [2] . In contrast, the advantages of bioremediation (e.g. bioleaching) are its relatively low cost, the mild conditions of the process and the subsequent low demand for energy or landfill space compared with conventional technologies [3] .
However, some factors, such as its slow reaction rate, insufficient amounts of cell culture and low selectivity toward specific metals, have limited the large scale field application of bioleaching [4, 5] . Nevertheless, many efforts have been made to improve the performance of this process, and some successful applications have been developed in past few years to remove heavy metals from ores, industrial wastes, sewage sludges, and sediments [6] [7] [8] [9] [10] .
T. thiooxidans is a chemolithotrophic acidophilic bacterium that grows on elemental sulphur as energy source and is important in the microbial catalysis of sulphide oxidation. Since it oxidises both elemental sulphur and sulphide to sulphuric acid, T. thiooxidans plays a significant role in bioleaching of metals from sulphide ores [11, 12] . To meet industrial requirements, it is desired to harvest a large quantity of cells in the logarithmic growth phase, in which cells exhibit a relatively high growth rate and subsequently produce a relatively high amount of sulphuric acid. In other words, higher cell concentration and sulphuric acid production have to be attained in order to achieve higher bioleaching efficiency. However, T. thiooxidans does not grow readily, and the cell and sulphuric acid concentrations are usually very low [13] . The highest cell and sulphuric acid concentrations obtained by conventional shaking flask cultivation were about 0.224 g cell/l [14] and 15 000 ppm [15] , respectively, in 8-11 days. Although some researchers have attempted to improve cell concentration and sulphuric acid production by various approaches [16, 17] , they were still insufficient and the cultivation time too long. Cell growth and sulphuric acid production are considered to be mainly limited by substrate deficiency and the accumulation of inhibitory metabolites [14, 18, 19] . The above facts strongly limit the industrial application of T. thiooxidans for bioleaching of heavy metals from sulphide ores.The effects of various nutritional and environmental factors have been studied to enhance the cell concentration and sulphuric acid produced by T. thiooxidans. The conventional method of medium optimisation involves changing one variable at a time, keeping the others at fixed levels. Being single dimensional, this laborious and time-consuming method often does not guarantee determination of optimal conditions [20] [21] [22] . In addition, carrying out experiments with every possible factorial combination of the test variables is impractical because of the large number of experiments required. Unlike conventional optimisation, statistical optimisation methods can take into account the interactions of variables in generating process responses [23] . Response surface methodology [24] , an experimental strategy for seeking the optimum conditions for a multi-variable system, is a much more efficient technique for optimisation [20] . This method has been successfully applied to the optimisation of medium composition [25, 26] , conditions of enzymic hydrolysis [27] , parameters of food preservation [28] and fermentation process [25] .
The capability of bioleaching of heavy metals by T. thiooxidans is directly associated with sulphuric acid production by this microorganism. Thus, the aim of this work was to apply fractional factorial design to optimise the fermentation medium for sulphuric acid production by an indigenous T. thiooxidans in shake flask experiments.
Materials and methods

Microorganisms
The T. thiooxidans used throughout this study was obtained from sewerage samples from a sulphate-contaminated site near Keelung, Taiwan. Isolation experiments were undertaken at pH 4.0 to imitate a favourable in situ condition from an ecological perspective. Successful enrichment cultures on elemental sulphur should exhibit a decreasing profile in pH and biased amplification of sulphur-oxidizing bacteria, leading to high purity of T. thiooxidans. The abundance of T. thiooxidans was obtained by inoculating sewerage dilutions into T. thiooxidans optimum growth medium (T. thiooxidans OGM) (N : P 
Analytical methods
Sulphate content was determined according to the "Turbidimetric Method" as described in Standard Methods [29] . Aliquots of 10 ml were drawn from the culture and filtered through a general grade filter paper (Advantec, Tokyo, 55 mm). The turbidity was read at wave length of 450 nm against a blank containing deionised/distilled (DI/DD) water. The turbidity reading was taken within 10-15 s. The concentrations of sulphuric acid were measured by DR/2000 spectrophotometer (HACH, Loveland, CO, USA). Absorbance at 620 nm was compared with general gravimetric results to obtain a calibration curve [30] . By reading the turbidity of a given sample culture, if necessary the sample has to be diluted to a proper concentration range for the measurement, the corresponding amount of biomass was obtained (1.00 OD 620 nm ∼ = 0.98 ± 0.08 g/l dry cell weight). Using pH 4.0 and 10.0 standard buffers (Fisher Scientific, Tokyo, Japan) for calibration, standard measurement of pH was undertaken using pH electrode and meter (Cole-Parmer, Vernon Hills, IL, USA) with an accuracy 0.1 pH unit.
Experimental design and optimisation by response surface methodology
A full-factorial design, a powerful tool for understanding complex processes and for describing factor interactions in multi-factor systems, has been well described previously [22, 31] . The medium composition resulting in the highest production of biomass was considered as the basal medium, and used for the optimisation by response surface methodology (RSM) using central composite design (CCD). RSM [23] is an empirical statistical technique employed for multiple regression analysis using quantitative data obtained from properly designed experiments to solve multi-variable equations simultaneously. A second-order RSM experiments using a five-level CCD were used to explore the effects of various medium ingredients on production formation. The range and the levels of the variables investigated in this study are given in Table 1 . Each factor in the design was studied at five different levels (−2, −1, 0, 1, 2). All variables were taken at a central coded value considered as zero.
In this case, a 2 4 full factorial central composite design for four independent variables each at five levels with eight star points and six replicates at the centre points was employed 
Results and discussion
RSM is a sequential procedure with an initial objective to lead the experiments rapidly and efficiently along a path of improvement towards the general vicinity of the optimum. It is appropriate when the optimal region for running the process has been identified. The four independent variables, KH 2 PO 4 , (NH 4 ) 2 SO 4 , MgSO 4 and elemental sulphur, in the growth medium were chosen to optimise the growth of the indigenous T. thiooxidans and the subsequent production of sulphuric acid in this study. To explore the region of the response surface in the neighbourhood of the optimum, an experimental design with more than two levels of each variable is required, so that a second order approximation to the response surface can be developed. A CCD with five coded levels was used for this purpose. The CCD design and the corresponding experimental data are shown in Table 2 .
The maximum values of sulphuric acid were obtained either at the end of the balanced phase or in the early stage of the stationary phase of growth (i.e. 300 h). The results of the second order response surface model fitting in the form of analysis of variance (ANOVA) are given in Table 3 . ANOVA is required to test the significance and adequacy of the model. The mean squares were obtained by dividing the sum of the squares of each of the two sources of variation, the model and the error variance, by the respective degrees of freedom (d.f.). The Fisher variance ratio, the F-value (= S 2 r /S 2 e ), which is a statistically valid measure of how well the factors describe the variation in the data about its mean, can be calculated from ANOVA by dividing the mean square due to model variance by that due to error variance. The greater the F-value is from unity, the more certain it is that the factors explain adequately the variation in the data about its mean, and the estimated factor effects are real. The analysis of variance (ANOVA) of the regression model demonstrates that the model is highly significant, as is evident from the Fisher's F-test (F model = 361) and a very low probability value (P model > F = 0.0001). Moreover, the computed F-value (F 0.01(14,15) = S 2 r /S 2 e = 361) is much greater than the tabular F-value (F 0.01(14,15)Tabular = 3.56) at the 1% level, indicating that the treatment differences are highly significant. The goodness of fit of the model was checked by the determination coefficient (R 2 ). The R 2 values provide a measure of how much variability in the observed response values can be explained by the experimental factors and their interactions. The R 2 value is always between 0 and 1. The closer the R 2 value is to 1, the stronger the model is and the better it predicts the response [22] . When expressed as a percentage, R 2 is interpreted as the percent variability in the response explained by the statistical model. In this case, the value of the determination coefficient (R 2 = 0.9601) indicates that 96.01% of the variability in the response could be explained by the model. In addition, the value of the adjusted determination coefficient (Adj R 2 = 0.9229) is also very high to advocate for a high significance of the model. These ensured a satisfactory adjustment of the polynomial model to the experimental data. The adjusted R 2 corrects the R 2 value for the sample size and the number of terms in the model. If there are many terms in the model and the sample size is not very large, the adjusted R 2 may be noticeably smaller than the R 2 . In our case, the adjusted R 2 was very close to the R 2 value.
By applying multiple regression analysis on the experimental data, the experimental results of the CCD design were fitted with a second-order polynomial equation. Thus, a mathematical regression model for sulphuric acid production fitted in the coded factors is given as following: Table 4 . The P-values were used as a tool to check the significance of each of the coefficients which, in turn, are necessary to understand the pattern of the mutual interactions between the test variables. The larger the magnitude of the t-value and smaller the P-value, the more significant is the corresponding coefficient [23] . This implies that the quadratic main effects of all factors are insignificant, whereas the first order main effect of elemental sulphur is highly significant as is evident from its P-value (P = 0.0001) as compared with its second order main effect. This suggests that the concentration of elemental sulphur in the growth medium is directly related to the production of sulphuric acid by the indigenous T. thiooxidans. The maximal amount of sulphuric acid production predicted according to the second order polynomial equation is 38 662 ppm. Although the concentrations of KH 2 PO 4 , (NH 4 ) 2 SO 4 and MgSO 4 are not very significant according to their P-values, they still act as limiting nutrients in the growth medium. The variation in their concentration neither altered the growth of T. thiooxidans nor the production of sulphuric acid to a considerable extent. In addition, the interaction terms between these four variables were not significant, indicating that there is no significant correlation between each two variables and that they did not help much in increasing the production of sulphuric acid. The yields of sulphuric acid for different concentrations of the variables can also be predicted from the respective contour plots (Figs. 1-3) [20, 23] . Each contour curve repre- are not clearly understood, the role of elemental sulphur in the growth of cells and the production of sulphuric acid as a result of primary metabolism of T. thiooxidans has been well recognised. Although elemental sulphur was substituted by other alternative substrates in the growth medium for the sake of cell separation and concentration measurement in a previous study [13] , the amount of sulphuric acid produced was much less than the medium containing elemental sulphur. This indicates that T. thiooxidans has the preference to utilise elemental sulphur as energy source.
The three dimensional response surface curve was plotted by statistically significant model to understand the interaction of the medium components and the optimal concentration of each component required for the optimal sulphuric acid production. The maximal amounts of sulphuric acid and dry cell weight produced were predicted to be 38 662 ppm and 0.7 g/l as shown in Figs. 4 and 5, respectively. These values are approximately 2.6-fold that of sulphuric acid produced (i.e. 15 000 ppm [15] ) and 1.75-fold that of dry cell weight harvested (i.e. 0.4 g/l), respectively, before medium optimisation by RSM. The increase of the concentration of elemental sulphur significantly increases the production of dry cell weight and sulphuric acid as expected.
Checking the adequacy of the model needs all of the information on lack of fit, which is contained in the residuals. The normal (percentage) probability plot of the residuals is an important diagnostic tool to detect and explain the systematic departures from the assumptions that errors are normally distributed and are independent of each other and that the error variances are homogeneous [31] . Fig. 6 is a plot of normal probability of the experimental results. The normal probability plot of the "Studentised" residuals indicates almost no violation of the assumptions underlying the analyses [32] . By displaying an excellent normal distribution, it confirmed the normality assumptions made earlier and the independence of the residuals. Fig. 7 shows the maximal amount of sulphuric acid produced by varying the concentration of elemental sulphur in the growth medium, with the other three variables fixed as (g/l): KH 2 PO 4 = 3.5, (NH 4 ) 2 SO 4 = 4.9, MgSO 4 = 0.7. The results indicate that the maximal amount of sulphuric acid produced occurred when the concentration of elemental sulphur was set at 23.7 g/l, which is in good agreement with the value predicted from the regression model. Further increase of the amount of elemental sulphur dramatically decreased sulphuric acid production, implying that the strategy to optimise the medium composition and to achieve maximal sulphuric acid production by RSM in this study is successful.
Conclusion
Using the method of experimental factorial design and response surface methodology, it was possible to determine the optimal composition of the growth medium of T. thiooxidans to obtain the maximal sulphuric acid yield. The validity of the model was proved by fitting the values of the variables in the second-order polynomial equation and by actually carrying out the experiment at those predicted values for the four independent variables, KH 2 PO 4 , (NH 4 ) 2 SO 4 , MgSO 4 and elemental sulphur. Among the four variables tested for the correlation between their concentrations and the production of sulphuric acid, only elemental sulphur showed significant influence on the production. No significant interactions between elemental sulphur and each of the other three variables were observed from the contour plots. The maximal amount of sulphuric acid produced by the T. thiooxidans was predicted to be 38 662 ppm (2.6-fold increase) when the optimised composition of the growth medium was set as follows (g/l): KH 2 PO 4 = 3.5, (NH 4 ) 2 SO 4 = 4.9, MgSO 4 = 0.7 and elemental sulphur = 23.7. The methodology as a whole proved to be adequate for the design and optimisation of the bioprocess. Therefore, a multi-factorial statistical approach that considers interaction of independent variables provided a basis for the model to search for a non-linear nature of the response in a short term experiment.
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